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The recent measurements of the Cosmic Microwave Background anisotropies at arcminute angular 
scales performed by the ACT and SPT experiments are probing the damping regime of CMB fluctu- 
ations. The analysis of these datasets unexpectedly suggests that the effective number of relativistic 
degrees of freedom is larger than the standard value of N e g = 3.04, and inconsistent with it at more 
than two standard deviations. In this paper we study the role of a mechanism that could affect the 
shape of the CMB angular fluctuations at those scales, namely a change in the recombination process 
through variations in the fine structure constant. We show that the new CMB data significantly 
improve the previous constraints on variations of a, with a/ao = 0.984 ± 0.005, i.e. hinting also 
to a more than two standard deviation from the current, local, value ao- A significant degeneracy 
is present between a and TVeff, and when variations in the latter are allowed the constraints on a 
are relaxed and again consistent with the standard value. Deviations of either parameter from their 
standard values would imply the presence of new, currently unknown physics. 



I. INTRODUCTION 

The recent observations from Cosmic Microwave Back- 
ground (CMB hereafter) satellite, balloon-borne and 
ground based experiments ([H-3); gal ax y redshift surveys 
[5j and luminosity distance measurements, have fully con- 
firmed the theoretical predictions of the standard ACDM 
cosmological model. This not only allows stringent con- 
straints on the parameters of the model but can be fruit- 
fully used to constrain non standard physics at the funda- 
mental level, such as classes of elementary particle models 
predicting a different radiation content in the Universe. 

In this respect, an interesting discrepancy with the ex- 
pectations of the standard model has recently been un- 
covered in the small CMB scale measurements of the 
ACT and SPT experiments. Namely, the effec- 
tive number of relativistic degrees of freedom N e s (see 
e.g. for a definition) has been reported as higher (at 
more than two standard deviations) than the expected 
standard value of N e g = 3.046 Q- This result has been 
confirmed by several recent analyses of the ACT and SPT 
datasets (see e.g. @-[H|). 

While a confirmation from future measurements is 
clearly needed, the current preference for N e g ~ 4 is 
stimulating a growing interest since it could be explained 
in different ways, including an extra relativistic particle 
at decoupling (as light axions or sterile neutrinos), ex- 
tra dimensions, or early dark energy, (see e.g. [8| and 
references therein). 



1 This is the value expected in the case of 3 relativistic neutrinos 
species. The little deviation from N e g = 3 takes into account 
effects from the non-instantaneous neutrino decoupling from the 
primordial photon-baryon plasma (see e.g. [jj) 



However it is important to stress that the current 
bounds on N e g rely on the assumption of a theoretical 
model. More recently the dependence of the constraints 
on N e g on the assumption of a flat universe or a different 
dark energy component have been investigated by several 
authors ( }13l - [l5| V Here we revisit the issue, by obtaining 
analogous constraints in the framework of a non-standard 
recombination process. 

As expected (see e.g. @) a variation of iV e fT affects the 
value of the Hubble parameter H at recombination. This 
changes two very important scales in CMB anisotropy 
physics: the size of the sound horizon and the damping 
scale at recombination. An approximate expression for 
the damping scale is given by 
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where n e is the number density of free electrons, <jt is 
the Thompson cross-section, a* is the scale factor at re- 
combination and R = 3ph/(4p 7 ) is proportional to the 
ratio between the baryon and photon densities. It is 
clear that a change in H could be compensated by a 
change in n e and a* in order to keep the same damping 
scale. Consequently, a change in the recombination pro- 
cess, motivated by some non-standard and unaccounted 
mechanism, could alter the current conclusions on AT e ff. 

Possible changes in the recombination process have 
been investigated by several authors. Dark matter an- 
nihilation, for example, could significantly alter the evo- 
lution of the free electron density n e by the injection 
of extra-ionizing photons around recombination (see e.g. 
[l6| and references therein). Another possible mecha- 
nism, which we consider in this paper, is based on the 
hypothesis of a change in the fundamental constants of 
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nature, specifically the fine structure constant, a. 

Changing a modifies the strength of the electromag- 
netic interaction and therefore modifies the formation 
of CMB anisotropics by changing the differential optical 
depth (i.e. the scattering rate) due to Thomson scatter- 
ing between electrons and photons : 

i = x e n e ca T , (2) 

where ut is the Thomson cross section, x e is the free 
electron fraction dependent on the temperature of the 
electrons and therefore on the scale factor of the universe 
a(t). The optical depth t is then defined as the integral 
of the scattering rate over time. 

These two combined processes change the temperature 
at last scattering, T* , and x e (to), the free electron frac- 
tion that remains after recombination, both of which in- 
fluence the CMB anisotropics (see |17|). 

The main imprint on CMB power spectrum is a shift 
in the modulation of the peak heights by baryon drag 
determined by the relative density of baryons to photons 
at7/*,i? = 3 j o 6 /(4p 7 )-T*" 1 . 

A variation in a changes the photon diffusion damping 
length as well and the two effects combined lead to subtle 
degeneracies between Aa/a and N e g. 

CMB anisotropics are therefore one of the canonical 
ways of constraining variations in the fine structure con- 
stant in the early universe. They provide a measurement 
of a at the epoch of recombination (see e.g. [l8l - [24l | ) , with 
a current sensitivity the level of ~ 1%. In the most re- 
cent analysis, parametrizing a variation in the fine struc- 
ture constant as a/ao, where ao = 1/137. 03599907 is 
the standard (local) value and a is the value during the 
recombination process, the authors of [23| used the five 
year WMAP data, finding the constraint 0.987 ±0.012 at 
68% c.L. Meanwhile, a recent analysis of a large dataset 
of spectroscopic data from the VLT and Keck telescopes 
[25j is consistent with earlier claims of variations in the 
value of a at parts-per-million level at redshifts z ~ 3. 

In view of this and the recent results from ACT and 
SPT is therefore extremely timely to place new bounds 
on variations of a discussing also the possible degenera- 
cies with N e ff. In this paper we indeed perform this 
kind of analysis, including also possible variations in the 
abundance of primordial Helium Y p that could similarly 
change the recombination process. In the next section we 
describe the analysis method, in section III we present 
our results while in Section IV we derive our conclusions. 



II. ANALYSIS METHOD 

We perform a COSMOMC (2(| analysis combining 
the following CMB datasets: WMAP 7 Q, ACBAR [|, 
ACT 0, and SPT [|, and we analyze datasets out to 
( mH = 3000. We also include information on dark mat- 
ter clustering from the galaxy power spectrum extracted 



from the SDSS-DR7 luminous red galaxy sample Fi- 
nally, we impose a prior on the Hubble parameter based 
on the last Hubble Space Telescope observations (27j . 

The analysis method we adopt is based on the publicly 
available Monte Carlo Markov Chain package cosmomc 
[26l ] with a convergence diagnostic done through the Gel- 
man and Rubin statistic. 

Wc sample the following six-dimensional standard set 
of cosmological parameters, adopting flat priors on them: 
the baryon and cold dark matter densities fib and f2 c , the 
Hubble constant Ho, the optical depth to reionization r, 
the scalar spectral index ng, and the overall normaliza- 
tion of the spectrum As at k = 0.002 Mpc" 1 . We con- 
sider purely adiabatic initial conditions and we impose 
spatial flatness. As discussed in the introduction wc allow 
for variations in the fine structure constant a/ao where 
ao is the current, local, value by modifying the REC- 
FAST recombination subroutine following the procedure 
described in [23| . 

We also allow for variations in the effective number 
of relativistic degrees of freedom N e s and the primor- 
dial Helium abundance Y p , otherwise fixed at the values 
iVcff = 3.046 and Y p — 0.24, respectively. Since we are 
varying also the Helium abundance, we considered varia- 
tions in the fine structure constant also in the process of 
Helium recombination. A ~ 5% change of a for Helium 
recombination changes the CMB angular spectra by less 
than 0.5% up to I = 1500. During reionization the fine 
structure constant is fixed to the local standard value 
a = ao- 

We account for foregrounds contributions including 
three extra amplitudes: the SZ amplitude A$z, the am- 
plitude of clustered point sources Ac, and the amplitude 
of Poisson distributed point sources Ap. We marginal- 
ize the contribution from point sources only for the ACT 
and SPT data, based on the templates provided by [||. 
We quote only one joint amplitude parameter for each 
component (clustered and Poisson distributed). The SZ 
amplitude is obtained fitting the WMAP data with the 
WMAP own template, while for SPT and ACT it is cal- 
culated using the [28( SZ template at 148 GHz; this differs 
from the analysis performed in Q where no SZ contribu- 
tion was considered for the WMAP data. 



III. RESULTS 

As stated in the previous section, we perform three dif- 
ferent analyses always considering the same set of data 
but different number of parameters. To the 6 standard 
A-CDM parameters we cumulatively add as additional 
free parameters the fine structure constant (first case), 
the number of relativistic degrees of freedom N e ff (sec- 
ond case) and the primordial Helium abundance Y p (third 
case). In TableUwe report the constraints on the cosmo- 
logical parameters for these three scenarios. 

As we can see the dataset considered prefers a value 
of a/ao smaller than unity at more than two standard 
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Parameter 


a/ao 


a/a +N cH 


a/ao+Nes+Yp 


n b h 2 


0.0218 ±0.0004 


0.0224 ± 0.0005 


0.0223 ± 0.0007 


fl c h 2 


0.1144 ±0.0034 


0.1302 ±0.0095 


0.1303 ±0.0094 


T 


0.086 ±0.014 


0.088 ± 0.015 


0.088 ±0.016 


Ho 


68.9 ± 1.4 


71.52 ±2.0 


71.8 ± 2.1 


a/ao 


0.984 ±0.005 


0.990 ± 0.006 


0.987 ±0.014 


n s 


0.976 ±0.013 


0.991 ±0.015 


0.992 ±0.016 


log[W 10 A s ] 


3.193 ±0.037 


3.169 ±0.040 


3.167 ±0.042 


A sz 


< 2.00 


< 2.00 


< 2.00 


Ac 


< 16.0 


< 15.8 


< 14.8 


A P 


< 24.7 


< 24.9 


< 22.4 




0.7137 ±0.0070 


0.7020 ± 0.0094 


0.704 ± 0.013 


Age/Gyr 


13.76 ± 0.24 


13.18 ±0.38 


13.15 ±0.37 




0.2863 ± 0.0070 


0.2980 ± 0.0094 


0.296 ±0.013 




0.836 ±0.023 


0.862 ± 0.028 


0.859 ± 0.034 


z re 


10.7 ± 1.2 


11.0 ± 1.3 


11.0 ± 1.3 


N eB 




4 10+ 024 


4 1Q+0-31 


Y P 






0.215 ±0.096 


/Cmin 


7600.2 


7596.8 


7596.5 



TABLE I. MCMC estimation of the cosmological parameters 
from the dataset described in the text. Results for the three 
analyses described in the text are reported. Upper bounds at 
95% c.l. are reported for foregrounds parameters. 



variation in the fine structure constant enlarges the error 
bars on N e g of about ~ 30% but does not shift the best 
fit value towards the standard result. The largest effect 
on a comes however when also the helium abundance Y p 
is let to vary. In this case, indeed, the errors on a are 
almost doubled. 

We can better understand the impact of Y p on the de- 
termination of a/ao by looking at Figure 1, where we 
plot the 2-D likelihood contours in the a/ao--^off plane 
in the cases of Y p = 0.24 and free Y p . As we can see 
when the helium abundance is fixed there is a clear but 
moderate degeneracy between a/ao an d N c ff. When N e g 
is increased the Hubble parameter at recombination in- 
creases. In order to keep the damping scale at the same 
value fixed by observations (see Eqfl]) we need to decrease 
the free electron density at recombination. This can be 
achieved by simply accelerating the recombination pro- 
cess. This effect is clearly obtained by an increase in the 
fine structure constant. This explains the direction of the 
degeneracy in contour plot. 

When also a variation in the Helium abundance is con- 
sidered, the degeneracy changes direction. A larger value 
for Y p produces a large free electron fraction at recombi- 
nation and a smaller value for N e ff is needed to keep the 
damping scale small. On the other hand a large value for 
Y p needs large values for a. So now small values of N e s 
are more compatible with observations when a is larger. 
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FIG. 1. Likelihood contour plot for a/ao vs N e a at 68% c.l. 
and 95% c.l. in the case of Yp = 0.24 (red smaller contours) 
and Y p allowed to vary (blue larger contours). 



deviations when both the N e f{ and Y p are kept fixed at 
their standard values. This result, while interesting, is to 
be expected since is clearly driven by data preference for 
larger values of N e g. Allowing for variations in N e g sig- 
nificantly shifts the best fit value for a/ao, which is now 
consistent with the standard value. However, even in this 
case the best fit value for N e g is still ~ 4, i.e. allowing for 



IV. CONCLUSIONS 

In this paper we have presented new constraints on 
variation of the fine structure constant from the latest 
CMB anisotropy measurements of the ACT and SPT ex- 
periments, combined with other cosmological datasets. 
We have found that assuming the standard value for 
N e g and a primordial Helium abundance of Yp = 0.24 
the current data favours a lower value for the fine struc- 
ture constant at more than two standard deviations with 
a/a = 0.984 ± 0.005. 

We have shown that this result relies on the assumption 
of the number of relativistic degrees of freedom. When 
we let this parameter vary freely, the standard value is 
again consistent with the data considered. Varying also 
the primordial Helium content further enlarges the error 
bars. Despite the existing degeneracies, the current data 
offers the tantalizing suggestion of the presence of new 
physics at the epoch of recombination. 

Clearly, further experimental confirmation of the result 
is needed. Fortunately, the results from the Planck satel- 
lite mission, expected to be released early next year, will 
most probably clarify the issue. The Planck experiment 
is indeed expected to have a sensitivity of AN e s ~ 0.2 
and 5{a/a ) ~ 0.002 at 68% c.l. (see e.g. H|). 
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